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ABSTRACT  
We studied solvent-driven ordering dynamics of block copolymer films supported by a densely 
cross-linked polymer network designed as organic hard mask (HM) for lithographic fabrications. 
The ordering of microphase separated domains at low degrees of swelling corresponding to 
intermediate/strong segregation regimes was found to proceed significantly faster in films on a 
HM layer as compared to similar block copolymer films on silicon wafers. The ten-fold 
enhancement of the chain mobility was evident in the dynamics of morphological phase 
transitions and of related process of terrace-formation on a macroscale, as well as in the degree 
of long-range lateral order of nanostructures. The effect is independent of the chemical structure 
and on the volume composition (cylinder-/ lamella-forming) of the block copolymers. In-situ 
ellipsometric measurements of the swelling behavior revealed a cumulative increase in 1-3 vol. 
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% in solvent up-take by HM-block copolymer bilayer films, so that we suggest other than 
dilution effect reasons for the observed significant enhancement of the chain mobility in 
concentrated block copolymer solutions. Another beneficial effect of the HM-support is the 
suppression of the film dewetting which holds true even for low molecular weight homopolymer 
polystyrene films at high degrees of swelling. Apart from immediate technological impact in 
block copolymer-assisted nanolithography, our findings convey novel insight into effects of 
molecular architecture on polymer-solvent interactions. 
INTRODUCTION 
Thin supported polymer films are increasingly employed in many areas of nanofabrication. 
Chain dynamics and mobility in such layers is of significant fundamental interest as well as of 
essential technological importance because of their relevance to a large number of performance 
and processing issues,1 e.g. in high-resolution lithography,2 in the behavior of liquid crystal 
displays,3 in organic photovoltaic4-6 and in sensoring devices.7 Also, a slow chain dynamics 
during annealing protocols of microphase separated structures in block copolymers films8 is a 
limiting factor in developing cost-effective nanoscale patterning technologies.9-10 
Thin films of block copolymers possess an intrinsic nano-structuring functionality which is 
provided by nanoscopic domains with tunable shapes, orientation and dimensions in the range of 
sub 10 nm up to 10s of nm. The knowledge acquired in the last decades on thermodynamic 
principles and dynamic mechanisms of the microphase separation11-13, was sufficient to boost 
technology-oriented research on block copolymer films.14-17 At the same time, these studies have 
established factors which complicate or crucially limit the application and performance of block 
copolymer films. One group of factors concerns the inherent thermodynamic features of the 
microphase separation.18-20 Belonging to soft matter, block copolymers are characterized by low 
interfacial and surface energies, small differences in the free energy between different 
morphological states,21 and relatively small incompatibility parameters between the blocks, 
which all lead to easy stabilization of meta-stable states and defects.22-23 This makes the self-
assembly of block copolymers in thin films extremely sensitive to external fields and to 
experimental uncertainties, such as tiny variations in the environmental temperature,24 
humidity,25 solvent concentration26-28 and quality,29-32 surface energy at the substrate,33-34 film 
preparation35-37 and film thickness,38 etc. While ambiguities in the experimental conditions are 
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not always possible to eliminate and to control, the sensitivity of the microphase separation 
towards external fields, such as electric and shear fields, chemically and topographically 
patterned substrates, thermo- and solvent gradients, has turned to be advantageous for the 
nanofabrication of thin films, and in many research examples has been brought to a high level of 
control in guiding nanopatterns to perfectly ordered defect-free structures.28, 39-44 Another group 
of factors which complicate the understanding and usage of block copolymer films is related to 
intrinsically slow dynamics of polymer chains45 and to non-equilibrium aspects of film 
preparation and processing.35-36  
In this respect, the solvent vapor annealing receives an increasing interest as a high-effective 
alternative to thermal processing of block copolymer films.9 Recent examples of solvato-thermal 
annealing,46 gradient solvent fields,28, 47 of proximity injection approach32 have demonstrated a 
reduction of processing times down to tens of seconds. However, up to now not much 
understanding on the relative role of the kinetics of solvent up take, equilibration in solvent 
vapors and quenching process on the resulting self-assembled structures has been reported.9 On 
one side, recent studies suggest that ordered swollen states can have very fast dynamics that can 
lead to highly organized structures in short annealing times.9,46 On the other side, the ordering 
times of less than a minute may imply that upon exposure to the solvent vapor the block 
copolymer undergoes order disorder transition (ODT), so that the removal of the solvent results 
in a dynamic quench from a disordered state. While such directional quench has been shown to 
be a promising route to control the orientation of microdomains,48-50 this dynamic approach lacks 
the control over the block copolymer swelling level which is an essential issue for a targeted 
design of sizes and shapes of microdomains. In contrast, equilibration of structures under 
controlled conditions corresponding to intermediate or strong segregation regimes offers a 
number of advantages in fabrication of ordered patterns such as low line edge roughness of the 
resulting structures, fine control over non-bulk morphologies38, and minimizing the risks of 
dewetting. Controlled solvent-vapor-annealing set up is based on a precise regulation of the 
solvent atmosphere in the annealing cell via solvent flow controllers and temperature control as 
well as on in-situ monitoring of the swollen film thickness, e.g. with optical reflectometry or in-
situ ellipsometry (Figure 1a).51 This procedure gives access to the value of the polymer volume 
fraction φp in a swollen film and thus allows for reproducible processing conditions below ODT. 
However, an insufficient chain dynamics is a current limitation of controlled annealing under 
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reduced swelling. The work reported here discloses an approach toward a universal solution to 
this problem. 
Apart from the technological benefits, controlled solvent vapor annealing provides a powerful 
scientific tool to fine-tune the microphase separation of block copolymers and thus to assess with 
a high level of sensitivity the whole spectra of polymer/solvent/substrate interactions as well as 
characteristic timescales of chains relaxations under confinement. Using this approach, Elbs and 
Krausch suggested a method to determine the Flory-Huggins interaction parameters in polymer 
thin films.52 The experimental set up developed by Knoll et al38 has been used to construct phase 
diagrams of surface structures in thin films of polystyrene-b-polybutadiene-b-polystyrene (SBS) 
triblock51 and SB diblock copolymers,53-54 as well as to quantitatively determine the energies of 
the morphological phase transitions.21 Analysis of the phase behavior under controlled solvent 
vapor treatment allowed to gain important insights into the mechanisms of microphase separation 
of conjugated polymers,5 and of microdomain reorientation and ordering under combined 
application of solvent annealing and of electric field.55-58 Furthermore, confinement effects on 
the microphase separation and swelling of thin24, 59 and thick55, 37 block copolymer films have 
become evident in the thickness-dependent swelling as well as in heterogeneous swelling of 
block copolymer films.24,60,61 In the last years similar climate-controlled solvent-vapor annealing 
devices have been adopted and successfully exploited by several research groups.9 Additional 
valuable information on the microphase separated structures and their dimensions is gained when 
real-time grazing incidence small angle X-ray scattering (GISAXS) is utilized in combination 
with controlled solvent annealing.62-63  
However, the presence of solvent molecules makes a block copolymer system more 
complicated for understanding as compared to polymer melts. Unlike theoretical studies, where 
system parameters such as surface fields, effective χ interaction parameters, and film thickness 
can be varied independently,38 the above parameters in swollen films are affected simultaneously 
in a way which is not feasible to evaluate quantitatively. Despite its importance, the 
concentration dependence of χ parameters and of chain dynamics in swollen films has not been 
addressed systematically.9 Also, the interaction of solvent molecules with the supporting 
substrate is an unclear issue.64 Earlier studies have established that an increase in solvent 
concentration results in screening the interaction of block copolymers with silicon wafer 
supports.38,51,61 In case of the substrates modified with soft organic layers such as grafted random 
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copolymers or brushes,50, 65 or photopatternable imaging layers,66 the interactions of the 
modifying layer with the solvent and with the block copolymer chains can alter the swelling 
behavior and therefore the resulting microphase separation in block copolymer films. 
Motivated by recent trends to incorporate patterning with block copolymers into complex 
lithographic fabrication schemes66-67 such as thermal probe lithography68 or soft graphoepitaxy 
with disposable photoresist patterns,44 we used densely cross-linked networks from organic hard 
mask (HM) as supports for block copolymer films.68 Since we employ solvent annealing as an 
advantageous processing step, we analyzed the effect of the underlying organic HM layer on the 
resulting microphase separated structures.  
 
Figure 1. (a) A schematic of the experimental procedure. (A) Two types of samples used for 
combinatorial studies: block copolymer films supported by conventional silicon and by wafer 
with ~50 nm-thick HM coating (bilayer film). (B) Annealing chamber with (1) polymer samples; 
(2) sealed stainless steel walls; (3) glass windows, which are perpendicular to the incident light 
for in-situ ellipsometry; (4) temperature control of the substrate (T1); (5) input and output for the 
temperature and flow controlled solvent vapor (T2); (6) glass window for optical control of the 
terrace formation (C). (D) Characterization of quenched samples on macro- (optical microscopy) 
and nano- (SFM) scales for the topographical structuring of the free surface and for the phase 
behavior, respectively. (b) Photographs (left) of the thermostated solvent-vapor annealing system 
and (right) of the annealing chamber for in-situ ellipsometry measurements (top view). The 
solvent vapor atmosphere in the chamber is created and maintained by the combination of 
controlled flows of dry nitrogen (carrier gas) through the reservoir with a solvent (I) and of dry 
nitrogen (II). For notations see sketch in Figure 1a-B.  
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Here we report a significant improvement of the ordering dynamics of block copolymer films 
supported by lithographic organic hard mask (HM) as a model of a densely cross-linked polymer 
network. This phenomenon became evident upon comparing the microphase separation and the 
dynamic behavior of block copolymers in films supported by different substrates (conventional 
silicon wafers and HM layers) which have been simultaneously processed under controlled 
solvent vapor conditions (Figure 1a-A,B). For evaluation of the thickness of the swollen film hsw 
we employed both, direct in-situ ellipsometric measurements as well as indirect method based on 
the sensitive response of the microphase separation and of the chain mobility toward the solvent 
concentration in the swollen film. To do that, we chose cylinder-forming poly(styrene-b-
butadiene) (SB) and lamella-forming polystyrene-b-poly(2-vinylpyridine) (SV) diblock 
copolymers which phase behavior has been earlier extensively studied under controlled solvent 
annealing protocols.24,37,53,55 In particular, the phase transition to non-bulk perforated lamella 
(PL) morphology in SB films (see scanning force microscopy (SFM) image in Figure 1a-D) we 
considered as an “indicator” of certain intermediate segregation conditions in a swollen film, 
while the phase transition from vertically orientated to in-plane SV lamella, as well as the degree 
of the long-range order of microdomains were considered as a measure of the chain mobility. 
Moreover, both morphological transformations are accompanied by the development of surface 
relief structures (terraces) which allow following the annealing dynamics on a macroscale 
(Figure 1a C-D). The pronounced acceleration of block copolymer chain dynamics on HM-
supports at reduced degrees of swelling can find immediate technological applications in block 
copolymer-assisted nanolithography. 
 
EXPERIMENTAL SECTION 
 
Block copolymers. Poly(styrene-b-butadiene) diblock copolymer (denoted as SB) with a total 
molecular weight of Mn = 47.3 kg/mol and a polydispersity index of 1.03 was purchased from 
Polymer Source Inc. and used as received. The volume fraction of the PS block (26.1%) results 
in bulk morphology of hexagonally ordered PS cylinders with a characteristic spacing d0 of 32.9 
± 0.3 nm and interlayer spacing of 3/2 ~ 27 nm.  
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Polystyrene-b-poly(2-vinylpyridine) diblock copolymer (denoted as SV) with a total molecular 
weight of Mn = 99 kg/mol and a volume fraction of PS block of 0.56 was synthesized by 
sequential living anionic polymerization (polydispersity index 1.05). The characteristic lamellar 
spacing L0 in bulk is about 47.2 nm.  
Substrates. Polished and etched silicon wafers with a native silicon oxide top layer were 
purchased by CrysTec, cut in pieces and cleaned via ultrasonification in toluene for 10 min, 
followed by SnowJet and air-plasma (60 s) treatments directly before spin-coating.  
Hardmask (HM)-supports have been prepared by spin coating the solution (HM8006-8) as 
purchased from JSR Micro at 5000 rpm. The coating is then cured on a hot plate at 225°C for 
90s resulting in ~50 nm thick hard mask films.68 The resulting HM layer represents a highly 
cross-linked glassy polymer network with high carbon content. 
Film preparation. Polymer films were prepared from fresh, filtered solutions via spin coating 
on silicon substrates or HM supports. Chloroform and toluene (VWR) have been used without 
further purification to prepare SV and SB solutions in non selective solvents, respectively. The 
concentration of polymer solutions (0.5 - 1 wt%) and spinning rates during spincoating (2000 - 
3000 rpm) have been chosen to gain block copolymer films with a thickness of ~ 50 nm. Films 
were additionally dried in vacuum at RT to remove the residual solvent. The thicknesses of spin-
coated films have been measured with ellipsometry. In the case of block copolymer-HM bilayer 
films, the thickness of the block copolymer films was evaluated by subtracting the starting HM-
coating thickness from the total bilayer thickness. When similar casting conditions have been 
used, the deviations in films thickness on silicon wafers and on HM-support were comparable 
with typical thickness deviations upon spin-coating procedure. To stabilize the polybutadiene 
(PB) against cross-linking, a small amount of stabilizer (2,6-die-tert-butyl-p-cresol) was added to 
solutions.  
Swelling experiments. Solvent annealing of block copolymer films on two different types of 
substrates has been performed simultaneously in a custom-made climate-controlled liquid cell 
(Figure 1a). The setup allows for a precise control of the total flow through the chamber and of 
the solvent vapor concentration via flow controllers/flow meters (Brooks Instrument) at 
isothermal conditions (refrigerated circulator from Lauda). Another important controlled 
parameter is the swollen film thickness hsw which is constantly monitored via in-situ 
ellipsometry. The polymer fraction in a swollen film is then straightforward estimated as: φ = 
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hdr/hsw, where hdr is the thickness of a spin coated film and hsw of the respective film in a swollen 
state, correspondingly. The partial vapor pressure p/p0 of chloroform (a non-selective solvent for 
both studied block copolymers) has been adjusted according to the desired degree of swelling or 
polymer volume fraction by a combination of the flow of dry nitrogen with the flow of the 
saturated chloroform vapor created by guiding a flow of dry nitrogen through a solvent reservoir 
placed inside the thermostat. Flows are directed through the channel system made of Swagelog 
components.  
Standard annealing settings has been used in comparative experiments: a total flow of 100 
sccm, temperature was set to 20 °C for the solvent atmosphere and to 21.0°C for the substrates. 
The samples have been dried by purging a flow of dry nitrogen assuring fast vitrification of the 
structures51 and then flushing the chamber with the nitrogen flow for 5 min before taking out the 
samples.  
Film characterization. In-situ ellipsometry measurements have been made with Omt Imaging 
ellipsometer (mm30 series) at 70° incidence angle in a spectral range of 450-800 nm using 
VisuEl software 3.8. Analysis was made through fitting by Scout Software using a Cauchy 
model where block copolymer films and hard mask layers are modeled as a homogeneous 
material.  
As spin-coated and annealed block copolymer films has been characterized with optical 
microscopy (Keyence digital optical microscope, VHX2000) for surface relief structures. Then 
microphase separation behavior has been analyzed with scanning force microscopy (SFM) 
measurements in intermittent mode (Bruker Dimension Icon) using Nanoscope 8.10 software and 
OTESPA tips (spring constant 12-103 N/m, resonant frequency 278-357 kHz) under ambient 
conditions. 
 
RESULTS AND DISCUSSION 
Block copolymer films have been spin coated from respective solutions either on plasma-
cleaned silicon wafers or on HM layer, followed by a drying in a vacuum oven to remove the 
residual solvent (an important step before measuring the starting thickness in a dry state). In each 
comparative solvent-treatment experiment, similarly prepared block copolymer films have been 
placed simultaneously in the annealing chamber, and the swollen thickness of silicon wafer-
supported films has been continuously measured with in-situ ellipsometry to monitor the stability 
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of the annealing conditions (Figure 1a-A,B). After a fast quench with a flow of dry nitrogen the 
microphase separation behavior was analyzed by SFM.  
 
Figure 2. SFM topography images of SV films on silica-substrate (a) and on HM-support (b) 
after annealing at 20% of p/p0 (φp of 0.76±0.02) for 1 h. The pattern of the up standing lamella is 
preformed during spin coating since the dry thickness of ~50 nm (~L0) is below a critical 
thickness of 1.5 L0 to form in-plane oriented lamella. Inset in (b) is the respective phase image of 
the highlighted area in the topography image. 
By testing block copolymers with varied chemical composition and volume fraction of the 
blocks and films with varied thickness we systematically observed a higher degree of long range 
order of microdomains in HM-supported samples as compared to similar films on silicon wafers 
(Figure 2). The faster ordering dynamics might be associated with a decrease of block copolymer 
viscosity due to a higher solvent concentration, i.e. higher degree of swelling in HM-supported 
films. To clarify this scenario, we performed controlled solvent vapor annealing experiments 
under standard conditions regarding the value of the total continuous flow p0 through the 
chamber and the temperatures of the solvent vapor and of the substrate (Figure 1a,b). The partial 
solvent vapor pressure p/p0 has been adjusted by mixing controlled flows of dry nitrogen and of 
carrier gas (dry nitrogen) saturated with the vapor of chloroform (p), a non-selective solvent for 
studied here block copolymers.  
Figure 3a presents kinetics of swelling upon step-wise increase of p/p0 of SV film supported by 
silicon wafer. The saturation of the SV film with chloroform vapor, i.e. the constant thickness at 
each swelling step is achieved within about ten minutes. As seen in Figure 3b, swelling of a HM 
layer (of similar thickness as the SV film) is notably less and slower, so that saturation cannot be 
reached even on a time scale of several hours (Figure 1S, Supporting information).  
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Figure 3. Kinetics of swelling upon step-wise increase of the partial vapor pressure p/p0 of 
chloroform (as indicated by arrows from left to right) to 20, 40, 60, 80 and 100% of (a) SV film 
on a silicon wafer, (b) HM-layer on a silicon wafer, and (c) SV film on HM-support. (d) 
Comparison of the swelling behavior evaluated from the corresponding swelling curves in (a-c) 
and expressed as a polymer volume fraction φp versus p/p0 for HM-layer (squares), for SV film 
on silicon substrate (circles) and SV film on HM-support (filled triangles). Empty triangles 
indicate calculated values assuming a summation of the degrees of swelling of respective layers. 
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The swelling kinetics of a SV film on a HM support (a bilayer film) is displayed in Figure 3c. 
The starting dry thickness of the bilayer is similar to the sum of the HM and SV film thickness 
on silicon wafers under identical spin coating conditions. Thus we conclude that the HM support 
does not significantly affect the resulting thickness of spin coated block copolymer films. 
As seen in Figure 3c, the time to saturation at each swelling step for a SV-HM bilayer is 
approximately twice larger as that of SV film on a silicon wafer. The swelling kinetic of the SV-
HM bilayer film is a combination of the solvent uptake by both layers which can have a mutual 
effect on each other. In particular, we anticipate that the swelling of the HM layer proceeds faster 
compared to the pure HM film due to the direct contact with the swollen SV film. We note that 
the differences in the swelling behavior of the individual layers could not be resolved by fitting 
the ellipsometric data with the Cauchy model due to the similarity refractive indexes of both 
materials. An advanced modeling might solve this problem.69 
Figure 3d presents a summary of the swelling data which is displayed as polymer volume 
fraction φp in the film (φp =hdr/hsw) versus p/p0. For comparison the extrapolated φp value for 
HM-SV bilayer is shown, given by the sum of φp of the respective individual layers (with 50:50 
volume ratio). The deviation is on the order of 1-3%, which is comparable to the accuracy of the 
degree of swelling under controlled experimental conditions. The swelling data for the films with 
a higher dry thickness of ~112 nm is presented in Figure 2S (Supporting information) and 
reveals qualitatively similar behavior. We conclude that the influence of an underlying HM layer 
on the solvent up-take of a block copolymer film is not significant.  
To quantify the non-trivial effect of the enhanced ordering dynamics without a conclusive 
increase in solvent uptake, we used an indirect method based on the sensitive response of the 
microphase separation and of the chain dynamics toward the solvent concentration in the film. 
These responses can be accessed with the optical microscopy and with SFM on macro- and 
nano-scales. In particular, when processing SV films we found that as long as the averaged film 
thickness is below a critical value of hcrit ~ 75 nm, the lamella is oriented perpendicular to the 
film plane. When the swollen thickness is adjusted to ~ hcrit, the lamella starts to reorient parallel 
to the film plane and forms terraces. This dynamic process can be observed by optical 
microscopy as schematically depicted in Figure 4a.  
As shown earlier, the morphological behavior of block copolymers containing PS and PVP 
compartments in thin films on silicon wafers is guided by the preferential wetting of the substrate 
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by the PVP block, while the PS block is segregated to the free surface due to its lower surface 
tension resulting in asymmetric wetting conditions.55 The equilibrium thickness of an in-plane 
lamella is proportional to (0.5+n) L0, which amounts to approximately 75 nm for 1.5L0-thick SV 
films, consistent with the observed hcrit.  
 
Figure 4. a) A sketch of the phase transition from perpendicular to in-plane oriented lamella with 
asymmetric wetting conditions in SV films when the thickness in swollen state hsw exceeds a 
critical value of 1.5 L0. Optical microscopy (b,c) and SFM topography (d,e) images of SV films 
on silica-substrate (b,d) and on HM-support (c,e) after annealing at 80% (φp of 0.66±0.02) for 30 
min under standard thermal and flow conditions. Inset in (e) is the corresponding phase image of 
the highlighted area in the topography image. The dry thickness of the films is ~50 nm (~L0) 
similar to that of the films shown in Figure 2. 
 
Figure 4 b,c presents optical microscopy images of SV films with the starting thickness ~L0. 
Both films have been exposed to 80% of p/po in order to reach hcrit. Upon 30 min of 
equilibration, the SV film on silicon wafer is characterized by a uniform color indicating a 
smooth surface topography which is preserved after spin-coating and indicates very limited chain 
mobility in the film (Figure 4b). In contrast, HM-supported SV film, processed under identical 
annealing conditions, exhibits a pattern of two distinct colors which are characteristic of a well 
developed terrace formation process (Figure 4b). Accordingly, SFM topography images in 
 13
Figure 4d,e display a striped pattern of upstanding lamella on silicon wafer, and coexisting 
terraces of featureless in-plane oriented lamella on HM support (Figure 4e). This comparison of 
the time dependence of the lamella reorientation indicates a highly accelerated dynamics of the 
morphological transition in the case of HM-supported block copolymer films. 
Obviously, the long range order of lamella stripes on silicon wafer upon annealing at 80% of 
p/po (Figure 4d) is much more advanced as compared to the degree of order in the film annealed 
at lower swelling (Figure 2a). However the period of 30 min was not sufficient to initiate the 
transition to thermodynamically favorable in-plane lamella morphology. To follow further the 
time-scale of the structure development, we performed a long-term annealing of the SV film on 
silicon wafer under similar conditions. Figure 5 presents the optical image (a) and SFM image 
(b) of the SV film upon 9 h of equilibration. Both images indicate almost complete transition to 
in-plane oriented lamella, confirming the similarity of the wetting conditions in SV films on 
silicon wafers and on HM support. 
 
Figure 5. Optical microscopy (a) and SFM phase (b) images of 50 nm-thick SV film on silicon 
wafer annealed for 9 h under standard conditions allowing maintaining φp at a constant level of 
0.65±0.02.  
 
We may use the observed timescales on the two different substrates to quantify the enhanced 
chain diffusion in swollen films supported by HM layer. Using Einstein`s relation a = (Dt)1/2 
with a~L0~50 nm, and respective tsi ~ 9 h and tHM ~ 0.5 h results in one order of magnitude larger 
diffusion constant in HM-supported films.  
Another important aspect of microphase separation is the sensitivity of the structures to the χ-
parameter which can be fine-tuned by the solvent concentration in the film. We used this 
responsive behavior as a “sensor” of the segregation power in simultaneously processed SB films 
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on silicon wafer and on HM support. The advantage of this test as compared to in-situ 
ellipsometric studies (Figure 3) is the possibility to avoid uncontrolled environmental 
fluctuations which can occur in separate annealing runs. Also this analysis allows to evaluate a 
sole contribution of the block copolymer layer to the total swelling of the SB-HM bilayer film.  
Shown in Figure 6 are SFM images of solvent-annealed films of cylinder-forming SB block 
copolymer. Initial dry thickness of ~50 nm corresponds to one and a half layers of structures. 
The SB film on silicon wafer shows a flat surface topography (Figure 6a) with the phase 
behavior representing a disordered mixture of striped pattern (PS cylindrical domains in soft PB 
matrix), small patches of black dots (PL phase) and a high concentration of unfavorable defects 
such as white dots or horse-shoe defects70 (Figure 6c). In contrast, images of HM-supported SB 
film reveal terraces with two distinct thicknesses (Figure 6b) and spatially-separated phases of 
PL and of in-plane oriented cylinders (C║). The higher degree of long-range order, as well as the 
terrace formation in HM-supported films convincingly demonstrates a faster ordering dynamics 
as compared to SB film on silicon wafer which shows very limited chain mobility.  
The deviation from the bulk cylinder morphology can be explained using an earlier established 
phase diagram of surface structures in swollen SB films as a function of the solvent content 
(chloroform) in the film.53-54,61 According to the phase diagram (Figure 6e), the PL phase and the 
C║ phase develop in the first and in the second terrace, respectively, upon annealing at reduced 
solvent vapor atmosphere p/po ~ 50-60% (corresponding to φp ~ 0.7÷0.8). Here an “indicator” of 
the intermediate segregation conditions is the PL phase – a deviation from the cylinder bulk 
morphology – which vanishes when the solvent concentration in the film becomes higher than 
30%. Since in SB film on HM-support the PL phase is a stable morphology, we conclude that the 
swollen SB film on HM layer is within the intermediate segregation regime.54  
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Figure 6. SFM topography (a,b) and phase (c,d) images of the microphase separated structures 
in ~50 nm-thick SB films on silica wafer (a, c) and on HM-support (b, d) after annealing for 1 h 
in chloroform vapor under standard thermal and flow conditions at 55% of p/p0 (φp ~ 0.8). The 
corresponding sketches of the film topography above the images indicate the development of the 
coexisting C║ and PL phases on silica substrate. On HM-support the PL phase and the C║ phase 
develop in terrace T1 and T2, respectively. (e) A schematic of the phase diagram of the surface 
structures in solvent-annealed SB films, reported in Reference54. Dashed vertical lines mark the 
area which corresponds to the annealing conditions as in Figures 6 and 7.  
 
Figure 7 a,b presents optical microscopy images of SB films shown in Figure 6. Well-
developed terraces on HM-support versus flat surface topography of SB film on silicon wafer are 
a clear sign of enhanced dynamics. Achieving the same degree of topographical structuring of 
the free surface under comparable annealing conditions on silicon wafers typically takes several 
hours.61,70 Moreover, optical microscopy images Figure 7 c,d, demonstrate that already short-
term processing for 10 min of SB films under reduced solvent atmosphere results in much more 
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advanced terracing process as compared to silicon wafers-supported films. The SFM height and 
phase images of the respective films are shown in Figure 3S (Supporting information).  
 
 
Figure 7. Optical microscopy images of annealed SB films on silica-support (a, c) and on HM-
support (b, d). Annealing times are 1 hour (a,b) and 10 min (c,d). The annealing conditions for 
films in (a,b) are described in Figure 6.  Films shown in (c,d) with the dry thicknesses of 45 nm 
have been annealed for 10 min under standard thermal and flow conditions at 60% of p/p0 (φp 
~0.7).  
 
To our current understanding, a significant improvement of the solvent-driven ordering 
dynamics of block copolymer films on HM supports can be attributed to the reduced interactions 
at the block copolymer / HM interface. On the other side, weak interactions with the substrate 
during annealing procedures diminish the stability of the polymer films towards dewetting, a 
concurrent to microdomain ordering dynamic process. Generally in our annealing experiments, 
HM-supported films were stable towards dewetting while at the same time revealing a high 
ordering dynamics.  
Since thin PS homopolymer films, especially of low molecular weight PS, are known to show 
high dewetting instability upon annealing procedures, we performed comparative swelling 
studies at 100% of p/p0 of PS films on silicon wafer and on HM-support. Figure 8 displays optical 
microscopy images of as spin-coated and solvent-processed PS films which reveal a clear 
retardation of dewetting of HM-supported film (Figure 8d) compared to completely dewetted PS 
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film on silicon wafer (Figure 8c). Interestingly, qualitatively similar effect of suppression of 
dewetting on HM-supports was observed for thermally annealed (at 120°C) PS films.  
This predictable observation can be presumably explained by partial interdigitation of linear 
block copolymer chains with the polymer network-structure of the HM support. Our current on-
going work aims at determining solvent-dependence of the glass transition of the HM layer and 
its effect on the dynamic behavior of polymer films. We note, that the opposite effects of the 
HM-support on two dynamic processes associated with the processing of polymer films 
(suppression of a destructive dewetting and enhancements of the equilibration dynamics) is a 
non-trivial result with promising benefits in block copolymer-related technological fabrications. 
 
Figure 8. Optical microscopy images of ~140 nm-thick PS homopolymer (Mn=5.6 kg/mol) films 
on (a,c) silicon wafer and (b,d) on a HM-support after spin coating (a,b) and after 10 min of 
annealing at 100% of p/p0 under standard flow and temperature conditions. 
 
CONCLUSIONS 
We report here a dual beneficial effect of a supporting layer from a densely cross-linked 
organic hard mask (HM) on the ordering dynamics and stability of solvent-processed block 
copolymer films. A series of combinatorial experiments on block copolymers with varied 
chemical composition and volume fraction of the blocks and with varied film thickness revealed 
a pronounced enhancement of the microdomain ordering in HM-supported samples as compared 
to similar films on silicon wafers. Since ellipsometric measurements did not reveal a definite 
increase in solvent up-take by HM-supported films, the dilution effect cannot account for the 
enhanced ordering dynamics. Hence the properties of the swollen HM-support are envisaged to 
be decisive in accelerating block copolymer chain dynamics at reduced degrees of swelling.  
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To confirm the non-trivial effect of the enhanced ordering dynamics without a conclusive 
change in the degree swelling, we used an indirect method based on the “sensitivity” of the 
microphase separation and of the chain mobility toward the solvent concentration in a film. 
Phase transitions to non-bulk PL morphologies in cylinder-forming block copolymers have been 
considered as “indicators” of particular segregation conditions, while phase transition from in-
plane to vertically orientated lamella and long-range order of microdomains were considered as a 
measure of the chain mobility. Importantly, enhanced ordering was achieved even at a reduced 
degree of controlled swelling corresponding to an intermediate to strong segregation regime, 
when similar films on conventional substrate show very limited mobility. 
Apart from direct practical applications in block copolymer nanolithography, in particular, for 
the systems with large χ interaction parameter with high molecular weights, our findings raise 
the fundamental issues concerning the effect of confinement and of polymer architecture on 
polymer-solvent interactions.  
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